Objective Large and complex terminologies, such as Systematized Nomenclature of Medicine-Clinical Terms (SNOMED CT), are prone to errors and inconsistencies. Abstraction networks are compact summarizations of the content and structure of a terminology. Abstraction networks have been shown to support terminology quality assurance. In this paper, we introduce an abstraction network derivation methodology which can be applied to SNOMED CT target hierarchies whose classes are defined using only hierarchical relationships (ie, without attribute relationships) and similar description-logic-based terminologies. Methods We introduce the tribal abstraction network (TAN), based on the notion of a tribe-a subhierarchy rooted at a child of a hierarchy root, assuming only the existence of concepts with multiple parents. The TAN summarizes a hierarchy that does not have attribute relationships using sets of concepts, called tribal units that belong to exactly the same multiple tribes. Tribal units are further divided into refined tribal units which contain closely related concepts. A quality assurance methodology that utilizes TAN summarizations is introduced. Results A TAN is derived for the Observable entity hierarchy of SNOMED CT, summarizing its content. A TAN-based quality assurance review of the concepts of the hierarchy is performed, and erroneous concepts are shown to appear more frequently in large refined tribal units than in small refined tribal units. Furthermore, more erroneous concepts appear in large refined tribal units of more tribes than of fewer tribes. Conclusions In this paper we introduce the TAN for summarizing SNOMED CT target hierarchies. A TAN was derived for the Observable entity hierarchy of SNOMED CT. A quality assurance methodology utilizing the TAN was introduced and demonstrated.
INTRODUCTION
The Systematized Nomenclature of Medicine-Clinical Terms (SNOMED CT, SNOMED for short) is a large medical terminology. 1 Modeling errors and inconsistencies in a terminology of SNOMED's size and complexity are unavoidable. Quality assurance (QA) is an important part of the lifecycle of a terminology. 2 However, identifying errors in large terminologies is a resource-intensive and error-prone task. 3, 4 In previous research, we developed the paradigm of 'abstraction networks' (AbNs) to support the QA of terminologies. An AbN is a highlevel, compact network that summarizes the content and structure of a large, complex terminology. AbNs have been shown to support the identification of concepts with a higher likelihood of errors compared with a control sample. 5 The AbN paradigm has been successfully applied as the refined semantic network 6 for the Unified Medical Language System (UMLS) 7 and as the Schema 8 for the Medical Entities Dictionary (MED). 9 The area and partial-area taxonomy AbNs were developed 2 for the National Cancer Institute thesaurus (NCIt) 10, 11 and for SNOMED hierarchies 12, 13 with attribute relationships (relationships for short). Furthermore, several types of AbNs [14] [15] [16] [17] were developed for OWL-based ontologies including the Ontology of Clinical Research, 18 Sleep Domain Ontology, 19 Ontology for Drug Discovery Investigations 20 and Cancer Chemoprevention Ontology. 21 In this paper, we introduce the tribal abstraction network (TAN), a new type of AbN designed for SNOMED hierarchies that do not have attribute relationships, assuming only the existence of multiple parents. The TAN summarizes the content and structure of such SNOMED hierarchies and supports their QA, by identifying concepts with a higher likelihood of incorrect or missing IS-A relationships. 
BACKGROUND
SNOMED is a large terminology curated by the International Health Terminology Standards Development Organization (IHTSDO). 22 Its January 2013 release contained 297 801 active concepts in 19 hierarchies. SNOMED is organized as a Directed Acyclic Graph with 542 485 IS-A relationships. In addition, concepts are connected by 912 196 relationships. For example, the concept Heart sounds abnormal (in Clinical finding) has a relationship Interprets with a target concept Heart sounds (in Observable entity) (concept names and hierarchy names appear in italics).
A large terminology diagram, where nodes represent concepts and edges represent relationships, would be overwhelming. In addition, viewing a terminology through a browser, such as CliniClue, 23 hides the overall context of the concept. Often, only parents and children will be displayed alongside a selected concept. AbNs summarize an entire SNOMED hierarchy and have been shown to support QA for various terminologies. 2, 8, [14] [15] [16] [17] [24] [25] [26] In previous work, we derived the area and partial-area taxonomies for SNOMED by using relationships. 12, 27 These AbNs were shown to support auditing of SNOMED. 5, 28, 29 Wei and Bodenreider 30 showed that taxonomies support finding errors that cannot be discovered by classifiers such as Hermit. 31 Various semantic, structural and ontological QA techniques for SNOMED are offered by Rector, 32,33 Schulz 34-36 and Zhu et al.
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The (partial-)area taxonomies require relationships. Within SNOMED, 12 hierarchies have no relationships and serve only as targets for relationships ('target hierarchies' for short). Thus, an alternative paradigm is suggested to design an AbN for target hierarchies. In SNOMED, 102 826 concepts (34.5%) have multiple parents, and the average number of parents is 1.822. Online supplementary appendix I shows the number of concepts in each hierarchy having multiple parents and their percentage of each hierarchy. The number of concepts with multiple parents varies widely, with almost half (45.39%) of the concepts in Clinical finding compared with only 5.33% in Observable entity. We present a new AbN for SNOMED target hierarchies with multiple parents, supporting auditing. Future applications are discussed.
METHODS
The TAN is derived as follows. The children of a hierarchy's root are named 'patriarchs'. A 'tribe' consists of a patriarch and all its descendants. The use of tribe and patriarch follows the family tree paradigm. A tribe is named after its patriarch, since all its concepts are specializations of the patriarch. Every concept in a hierarchy, except for the hierarchy root, belongs to at least one tribe. In a TAN, all concepts belonging to a common set of tribes are grouped together. A necessary but not sufficient condition for a hierarchy to have concepts in multiple tribes is that there are concepts with multiple parents. We illustrate these definitions using the Observable entity hierarchy. 38 In the January 2013 release, it contains 8274 concepts and 8726 IS-A relationships. Each concept is labeled by its set of tribes, called 'tribal set'. From the view point of the tribes, each concept is assigned to all tribes that it belongs to. To assign all concepts in a hierarchy to tribes, the hierarchy is traversed using 'topological sort' 39 starting from the patriarchs. In a topological sort procedure, any non-patriarch concept is processed only after all of its parents have been processed. If a concept c has one parent p a belonging to the tribe A and another parent p b belonging to B, c belongs to both tribes A and B, because it is a descendant of both patriarchs A and B. Once all parents of a concept c have been processed, c is assigned the union of its parents' tribal sets.
This procedure is generally more efficient than performing a separate graph traversal from each hierarchy's patriarch, since each concept is only processed once. In a standard graph traversal, such as breadth first search, 39 concepts would be processed multiple times, according to the number of tribes to which they belong. Figure 1 shows the results of applying the tribal assignment process to an excerpt of 20 concepts. Tribal sets are shown in braces below each concept's name. Figure 2 groups together the concepts with common tribal sets. Each group is represented by a dashed bubble and is labeled with the name(s) of the tribes.
Concepts that are descendants of only one patriarch belong only to its tribe. In figure 2 Large bowel function belongs only to the Function tribe. However, Ingestion, Breastfeeding (mother), Activity of daily living and Defecation all belong to more than one tribe, because each has multiple parents in different tribes. For example, Ingestion has two parents, Physiological action and Digestive system function, which belong to the Process and Function tribes, respectively. Ingestion therefore belongs to both the Process and Function tribes. Defecation belongs to all three tribes. Even though Drinking, Feeding, Basic activity of daily living and Toileting each have only one parent, they belong to multiple tribes because each has an ancestor that belongs to multiple tribes.
Generally, concepts that belong to more than one tribe are more complex than those belonging to only one tribe, since they are specializations of several patriarchs. A concept that belongs to multiple tribes is called a 'joint' concept. Joint-ness can be used to group concepts into sets. These sets can be used to derive two kinds of TANs: the band TAN and the more refined cluster TAN.
Band TAN
A 'tribal band', or 'band' for short, is a tribal unit consisting of the set of all concepts that are members of the exact same tribes. A band is named after the set of tribes that each concept within the band belongs to. A band may have multiple roots, where a root of a band is a concept that has no parents within the band, although it may have parents in other bands. In figure 2 , root concepts are identified by a red outline. Each set of concepts, surrounded by a dashed bubble, defines a band.
A band TAN consists of one node for each band. These nodes are linked by hierarchical 'child-of' relationships derived from the underlying IS-A hierarchy. A band A is a child-of another band B if and only if every root concept in A has an IS-A link to a concept in B. A band may be child-of multiple bands. The band TAN provides a compact view of a target hierarchy. Figure 3 shows the band TAN for figure 1 obtained using the tribal sets from figure 2. The number of concepts is listed under each band's name. The four concepts Ingestion, Feeding, Drinking and Breastfeeding (mother) belong to the band {Process, Function}f. Ingestion and Breastfeeding (mother) are the roots of the {Process, Function} band, because neither has parents in the {Process, Function} band. The band {Process, Function} is a child-of two bands, {Process} and {Function}, because both roots Ingestion and Breastfeeding (mother) have parents in both these bands.
The band {Process, Function, Clinical history/exam} is a child-of both {Process, Clinical history/exam} and {Function} because its root Defecation has two parents, Toileting in {Process, Clinical history/exam} and Large bowel function in {Function}.
Each band has a degree of 'joint-ness' according to the number of tribes that its members belong to. Bands containing concepts of only one tribe consist of the patriarch and all of its descendants that are not descendants of a second patriarch.
In visualizations of TANs (figures 3 and 5), tribal bands are organized into levels according to their degrees of joint-ness and are color-coded. Bands of degree 1 are located at the top. Bands of degree 2, with concepts that belong to two tribes, are below.
Cluster TAN A tribal band may have multiple roots. Each root defines a subhierarchy of concepts within the band. A 'tribal cluster', or 'cluster' for short, is a refined tribal unit consisting of a root of a band and all its descendants within the same band. A tribal cluster is named after its root, because all other concepts in the cluster are specializations of the root. Clusters further refine the band TAN into the 'cluster TAN'. In a cluster TAN, all the clusters of a band are drawn within that band's node. Clusters, like bands, are linked by child-of relationships based on the underlying IS-A hierarchy. A cluster A is a child-of another cluster B if the root concept of A has an IS-A link to a concept in B. A cluster may be a child-of multiple clusters.
In figure 2 , Ingestion and Breastfeeding (mother) are the two roots of the {Process, Function} band. In visualizations of a cluster TAN (figures 4 and 6), clusters are represented as white boxes within a band box, labeled by their roots, with their numbers of concepts below the root names. The root, Ingestion, and its two descendants are represented as a cluster named Ingestion of three concepts in {Process, Function} (figure 4). The Ingestion cluster is a child-of the Process and Function clusters, because the root concept Ingestion has parents in these clusters.
TANs for QA QA of large terminologies is difficult and time consuming. By focusing QA efforts on a subset of concepts that are likely to be more error prone, QA resources can be utilized more effectively. In previous research, 2,12,14-17 we have shown that AbNs support QA by identifying such concepts. TANs can also be used for SNOMED QA, by identifying concepts likely to have more hierarchical errors. Such errors were deemed the most problematic in a study of SNOMED users. 40 IS-A relationships play an important role in SNOMED. For target hierarchies, the correctness of the IS-A hierarchy is important, because the concepts of these hierarchies serve as targets for relationships with source concepts in other hierarchies. There are 18 839 defining relationships in other SNOMED domains where an Observable entity concept is used as a target concept. Proper placement of target concepts in a hierarchy is crucial, since the target of a relationship should be as specific as possible. 
RESEARCH AND APPLICATIONS
The rationale is as follows. For a concept in a target hierarchy, errors can occur only in the hierarchy. An IS-A relationship may be either wrong or missing and the concept is misplaced in the hierarchy. There is a greater chance of such situations in large clusters, because, as the number of hierarchically closely related concepts increases, the chance of a concept being misplaced also increases. In clusters with fewer concepts, there is less chance of a concept being misplaced. We tested this hypothesis in the Observable entity hierarchy.
To reiterate, our goal is to minimize the number of concepts that are reviewed, by selecting concepts with a high likelihood of errors. Such a review should yield a large number of erroneous concepts, relative to the effort spent. However, auditing all large clusters is not practical, because of their large numbers of concepts. Therefore, we introduce hypothesis 2. (Reminder: level numbers grow higher when moving downward in a band diagram.) Hypothesis 2: Among the large clusters, those concepts belonging to higher-numbered levels are more likely to have errors.
The rationale is that concepts belonging to more tribes tend to be more complex because of their specialization of more patriarchs. The modeling of more complex concepts is more prone to errors. Assuming there is support for these two hypotheses, the following auditing methodology emerges. Start reviewing the larger clusters of the highest-numbered level. As long as QA resources remain, continue to review larger clusters moving up in the diagram.
RESULTS
A cluster TAN was derived for the July 2011 version of the Observable entity hierarchy. Even though Observable entity has relatively few concepts with multiple parents (439, see online supplementary appendix I), a cluster TAN well summarizes this hierarchy (table 1) . Observable entity has 27 children and therefore 27 tribes, with 16 of these tribes having joint concepts. The maximum number of tribes that a concept belongs to is three, while 6627 (80.5%) of the concepts of a unique tribe belong to the 27 tribal bands on the first level. The second level comprises 1236 concepts (15%) and the third level 368 (4.47%). The percentage of concepts with multiple parents is much higher in levels 2 and 3 (14% and 20%) than in level 1 (2.5%). To test our hypotheses, one of the authors (YC) reviewed 1160 concepts (14.1%) from Observable entity, 420, 474 and 266, from levels 1-3, respectively. YC is trained in medicine and experienced in terminology auditing. In particular, the reviewer has performed extensive QA reviews of SNOMED for several previous studies. 5, 12, 28, 29, [41] [42] [43] [44] At each level, we audited all concepts from clusters of nine concepts or fewer (284 in total) and randomly selected concepts from larger clusters (876 total). Because of the large difference in the number of concepts between the three levels of the Observable entity TAN, the sizes of the samples from each level were not selected evenly but with a higher percentage for the smaller number of higher indexed levels, to enable statistical significance for this study.
The reviewer was blind to the TAN methodology and was only provided with a list of concepts sorted alphabetically according to their fully specified names. The reviewer was not aware of what level or which cluster a given sample concept is from.
We found 39 erroneous concepts (3.36%) in our sample (listed in online supplementary appendix II). Twenty-one and 18 concepts had incorrect and missing IS-A relationships, respectively. These errors were submitted to JTC (co-author) for review and inclusion in the US extension of SNOMED. 45 Only three corrections were not accepted by JTC. IHTSDO accepted all of these corrections (included in July 2014 release).
The 39 erroneous concepts exhibited 42 errors. These erroneous concepts served as targets for 42 different relationships from source hierarchies. We performed a follow-up review of these concepts, using the January 2013 release of SNOMED and all errors were still present.
To test hypothesis 1, we studied the relationship between cluster size and error rate as follows. To handle correlation of concepts within clusters, we analyzed the data at the cluster level 46 by calculating the error rate per cluster (ie, for each cluster, the total number of erroneous concepts divided by the total number of sample concepts in the cluster). To better visualize the effect of cluster size, and because the relation between cluster size and error rate might not be linear, we stratified clusters into six bins. The per-cluster analysis is shown in online supplementary appendix III. Table 2 shows the distribution of clusters, concepts, sample concepts and erroneous concepts among the six bins. The mean cluster error rate column shows the average error rate of clusters in each bin.
We calculated the pairwise statistical differences of mean cluster error rates among the bins. The error rates and 95% CIs versus cluster size were calculated between all bins. Bin 1 (clusters with more than 150 concepts) had an error rate To test hypothesis 2, we analyzed the mean error rates among the 'large' clusters in the three levels. Various boundaries between small and large were tested. No boundary resulted in significance because of the relatively small number of 'large' clusters at level 3 (see online supplementary appendix III). However, we observed that, at higher levels, larger clusters tended to have higher error rates. Using the result from hypothesis 1, we define a large cluster as a cluster in bin 1 or 2, and a small cluster as a cluster in bins 3-6. Table 3 provides a breakdown of auditing results by level and by large versus small clusters. We observe that higher level large clusters have a higher error rate. The mean error rates are 12.79%, 4.95% and 3.08% for levels 3, 2 and 1, respectively. For large clusters, the error rate among concepts (E) also increases with their level (ie, 3.28%, 5.26% and 12.8%). Table 4 provides examples of errors identified.
In online supplementary appendix IV we report on a comparative QA study involving 900 Observable entity concepts which reports error ratios, precision, specificity and sensitivity for three additional QA techniques which are applicable for a hierarchy without attribute relationships (eg, Agrawal et al 41 for the SNOMED Problem List 47 ).
DISCUSSION
The TAN addresses the need for summary methodologies for the eight target hierarchies of SNOMED with multiple parents. We demonstrated how a TAN can be used for QA. We note that the number of concepts with multiple parents in a hierarchy is not as important for deriving a TAN as where such concepts The goal of using a TAN is to limit the resources and increase the yield of QA. We found that concepts in the Observable entity hierarchy are more likely to be erroneous if they belong to larger clusters (bins 1 and 2) in the TAN rather than to smaller clusters (bins 3-6). Furthermore, the percentage of errors is highest in our sample for larger clusters at level 3 and slightly higher in larger clusters in level 2 than level 1.
Following our methodology, the 86 and 526 concepts in large clusters of levels 3 and 2, respectively, should be reviewed. Among the 86 concepts in the larger level 3 cluster, 11 erroneous concepts were found. The number of erroneous concepts expected in reviewing the 526 concepts in larger level 2 clusters is 28 ( ¼ 0.0526 Â 526) (based on E in table 3). Hence, a total of 39 ( ¼ 11þ28) errors are expected from reviewing 612 ( ¼ 86þ526) concepts in the large clusters of levels 2 and 3, according to the methodology. Coincidentally, we found 39 erroneous concepts when reviewing our sample of 1160 concepts. Hence, our methodology would probably yield the same number of erroneous concepts while saving the review of 548 ( ¼ 1160À612) concepts. Research on other target hierarchies is required in view of the small number of concepts in level 3 and the relatively small number of large clusters on all levels.
Future work
One issue arising from the placement of concepts with multiple parents in a hierarchy is the emergence of 'super-large' level 1 clusters, such as Clinical history/examination observable (4096) (CHEO for short) and Function (1384), together containing 67% of the Observable entity hierarchy. These clusters require further summarization. We can recursively derive a TAN for each such cluster, with its patriarch treated as a hierarchy root, thus creating a TAN to summarize its contents. In the future, we will derive TANs for these two clusters and perform QA for them.
Recursive application of the TAN summarization on the super-large clusters of level 1 has the potential to overcome a problem regarding the QA of the large level 1 clusters, consisting of 80% of the Observable entity hierarchy. Assuming that hypothesis 2 holds true for recursively derived TANs, then, in the CHEO subhierarchy's TAN, more erroneous concepts will concentrate in the large clusters of higher levels than in the large clusters of level 1 of the TAN for the CHEO subhierarchy. Repeating the recursive process as necessary will hopefully enable the desired review of large tribal clusters of levels higher than 1 with higher concentration of erroneous concepts, for the proper subhierarchies. Of course, this future research plan needs testing, which is beyond the current research. We further describe this approach in online supplementary appendix V.
Similarly to deriving a TAN for a super-large cluster, we can derive a TAN for a super-large root partial-area of a partial-area taxonomy. 2, 12 For example, the partial-area Procedure contains 2518 concepts without lateral relationships. 29 A TAN for such a root area will provide a summary of its content. We will investigate QA methods for its concepts.
One could derive a TAN for each partial-area of a taxonomy. 12 What is common to all concepts of a partial-area is that they share the same root and set of relationships. Hence, for such groups, with multiple parents, it is not possible to use relationships to obtain a further division. However, one can ignore the relationships and derive a TAN for the partial-area, summarizing its concepts. Examples of super-large partialareas in Procedure include Procedure by method (3684) and Measurement of substance (3980). In future work, we will investigate the use of TANs to complement partial-area taxonomy-based QA of large source hierarchies. 29 To support this research, we will create a tool for automatically deriving and visualizing TANs, similar to the BLUSNO tool for SNOMED partial-area taxonomies. 14 In the future, we will analyze the phenomenon of concepts that overlap between clusters. While bands are strictly disjoint, a concept may belong to multiple clusters. We hypothesize that concepts in multiple clusters are more likely to be erroneous because of being specifications of the roots of multiple clusters. While the Observable entity hierarchy has no such concepts, there are over 18 000 concepts that overlap between multiple clusters located throughout SNOMED's other hierarchies.
CONCLUSIONS
The TAN summarizes the content of hierarchies without relationships in SNOMED. We derived a TAN for the Observable entity hierarchy. We found that concepts in large clusters have a statistically significantly higher likelihood of being erroneous than concepts in small clusters. Furthermore, for large clusters, concepts of more tribes are more likely to be erroneous than concepts belonging to fewer tribes.
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